Underwater vocalizations were recorded and classified from wild spotted seals (Phoca largha) in Liaodong Bay, China. The spotted seals exhibited an extensive underwater vocal repertoire but with limited complexity. Four major call types, representing 77.8% of all calls recorded, were identified using multivariate analyses of ten acoustic parameters; knock, growl, drum, and sweep. The calls were relatively brief (12-270 ms, mean of À10 dB duration) pulsating sounds of low-frequency (peak frequency <600 Hz) and narrow bandwidth (169-232 Hz, mean of À3 dB bandwidth; 237-435 Hz, mean of À6 dB bandwidth). Frequency variables (À3/À6 dB frequency bandwidth, center frequency, and top three peak frequencies) were the primary descriptors used to differentiate the call types. Comparing the spotted seal underwater vocalizations with those of the closely related Pacific harbor seal (Phoca vitulina richardii) indicated that the two species use similar bandwidths and peak frequencies but spotted seal calls were generally shorter. Knowledge of underwater vocalizations of wild spotted seals is important for understanding the species behavior and for planning future acoustic surveys of its distribution and occurrence.
I. INTRODUCTION
Spotted seals (Phoca largha) are distributed in the north and west of the North Pacific Ocean (Rugh et al., 1997) where Liaodong Bay (LB) (38 43 0 -40 58 0 N, 119 50 0 -122 18 0 E), China, represents the southernmost geographic breeding concentration of this species (Boveng et al., 2009) . Spotted seals are difficult to survey using traditional visual techniques, particularly during the breeding season when they are sensitive to air borne noise and spend relatively more time in the water (Rugh et al., 1997; Boveng et al., 2009) . Passive acoustics methods have been successfully applied to record the underwater sounds of different seal species, including harbor seals (Phoca vitulina) (Hanggi and Schusterman, 1994; Van Parijs et al., 2000; Van Parijs et al., 2003; Nikolich et al., 2016) , ringed seals (Phoca hispida) (Stirling, 1973; Cummings et al., 1984) , leopard seals, (Hydrurga leptonyx) (Rogers et al., 1996; Rogers and Cato, 2002) , bearded seals (Erignathus barbatus) (Risch et al., 2007) , harp seals (Phoca groenlandica) (Watkins and Schevill, 1979; Terhune and Ronald, 1986) , and Weddell seals (Leptonychotes weddelli) (Thomas and Kuechle, 1982; Rouget et al., 2007; Doiron et al., 2012) . Results from previous research have indicated that most species become more vocal underwater during the breeding season (Watkins and Schevill, 1979; Miksis-Olds et al., 2016) . There is currently no published information available on wild spotted seal underwater vocalizations, however, there are two previous reports of underwater sounds of captive spotted seals from the Bering Sea (Beier and Wartzok, 1979; Gailey-Phipps, 1984) .
The spotted seal is listed as Least Concern by the IUCN (International Union for the Conservation) Red List of Threatened Species (Boveng, 2016) and as a Grade 2 State Protection Species by China's Wild Animal Protection Law, enacted in 1988. The population in LB has declined from approximately 2300 individuals to less than 1000 individuals over the past three decades due to hunting and environmental pollution (Han et al., 2010) species was designated protected status under the Wildlife Conservation Act of South Korea, however the population has continued to decline (Han et al., 2010) . Spotted seals form large groups during migration, mating, pupping, feeding, and moulting in LB between November and April (Wang, 1986) . Spotted seals, like many other marine mammals, rely on vocalizations to attract partners, maintain aquatic territories, and for mother-pup interactions and other communication (Stirling and Thomas, 2003; Sills et al., 2014) .
The objectives of this study were to (1) characterize the underwater vocal repertoire of wild spotted seals in LB using multivariate statistical and spectrogram analyses, (2) provide detailed descriptions of each call type, and (3) give recommendations for future monitoring of behavior, distribution, and occurrence of spotted seals using acoustic recordings.
II. METHODS

A. Sound recordings
Underwater sound recordings were conducted of spotted seal groups on 14 March 2014 between 06:00 and 07:30 in the morning and between 20:00 and 22:30 in the evening at Liao River Estuary in LB, China (40 54 0 N, 121 49 0 E). The chosen day and recording times are within the breeding season, during the time period when spotted seals are most frequently observed in the area (Wang, 2014) and when human activities are limited by melting sea ice (Halpern et al., 2008) . The Liao River Estuary is one of the main breeding areas for spotted seals in LB (Han et al., 2004) (Fig. 1) . The water depth at the recording location was 10-15 m depending on the tide. The bottom sediment was mud (determined from sampling cores), limiting the long range propagation of underwater sound. The acoustic detections were compared with locations of sighted seal groups to confirm that vocalizations recorded originated from spotted seals. Further, there were no other seal species or other marine mammals observed in the study area during the time of the recordings.
Audio recordings were made using a digital acoustic recorder (DSG) (Loggerhead Instruments, Inc., Sarasota, FL) with a sampling frequency of 80 kHz and resolution of 16 bit. Sounds were stored on 128 GB removable SD cards in 2-min.wav format files. The recorder has an omnidirectional hydrophone with a sensitivity of À180.6 dB re 1 V/lPa and a flat frequency response from 20 Hz to 40 kHz (62 dB). The hydrophone was deployed at 5 m water depth from a 12 m anchored fishing boat. A 2.5 kg weight attached to the hydrophone and surface buoy was used to reduce flow noise and vertical motion over the hydrophone. To minimize potential effect on the seals' behavior, no light or sound generating equipment were used on the vessel. There was a minimum of 20 seals present at the surface within 20 m range of the recording location during both the morning and evening recording sessions. However, the sex, age, underwater number, and exact location of the calling seals were not known.
B. Sound analysis
The sound recordings were first analyzed qualitatively using oscillograms (sound pressure vs time) and spectra [Hamming window, fast Fourier transform (FFT) size ¼ 1024 points, frequency overlap ¼ 50%] produced in SONIC VISUALISER 2.4.1 (Center for Digital Music at Queen Mary, University of London, London) and RAVEN 1.5 (Cornell Lab of Ornithology, Ithaca, NY) to identify and extract the seal vocalizations. Only vocalization signals with clear vocal contours and a signal-to-noise ratio >10 dB were manually selected. In total, 120 2-min separate recording samples of wild spotted seals were collected in LB. From these, 366 calls in the morning and 338 calls in the evening were of sufficient quality to allow further analysis.
To quantify the acoustic characteristics for each recorded vocalization, ten temporal and spectral parameters (see Table I for a summary of the acoustic parameters) were extracted using a custom code written in MATLAB R2016a (Mathworks, Natick, MA). Oscillograms were used to calculate three temporal parameters [ Fig 
C. Statistical analysis
Statistical analyses were conducted using MINITAB 17.0 (Minitab Inc., PA) or SPSS STATISTICS 19.0 (IBM SPSS, Inc., Chicago, IL). Multivariate statistical approaches were applied to the acoustic parameters to quantitatively classify the seals' vocalizations. Specifically, a combination of principal component analysis (PCA) and hierarchical cluster analysis (HCA) was used to assess the number and types of the spotted seals underwater vocalizations. PCA was used to reduce the number of original acoustic parameters, many of which are highly correlated, into a few orthogonal variables [principal components (PCs) ] that would explain most of the variation in the data (Patras et al., 2011) . Given that the acoustic parameters were measured in different units, the individual values were standardized on a common scale (zscores) before running the PCA. These standardized values were used as input variables in the PCA to reduce data dimensionality and data dependency. Finally, we performed a HCA, which is an unsupervised classification method, on all the vocalizations using the PCs with eigenvalues greater than 1 as variables. To obtain the hierarchical associations, the squared Euclidean distance was measured for each call sample and clusters were combined using the completelinkage-between-groups method (Terhune et al., 1993; McCreery and Thomas, 2009; Patras et al., 2011; Reyes et al., 2015) . In the HCA, calls were grouped on the basis of similarities and the results were shown as a dendrogram displaying all call types.
All calls were then rechecked by aural and visual inspection of spectrograms to assess the validity of the call type classification generated by the HCA. To classify a call as distinctive, it had to include all of the following characteristics; it could be grouped into one main cluster defined by a similarity greater than 95% of the HCA, it was heard more than ten times both in the morning and evening, its vocal contour was stereotyped, and there was obvious and consistent difference between call types (Serrano, 2001) . Finally, descriptive statistics of the ten acoustic parameters for each call type were obtained, including mean and standard deviation. To compare proportional use of the four call types between morning and evening, chi-square tests (expected equal proportions) were conducted on the data sets. P values <0.05 were considered statistically significant.
D. Ethical statement
This study was performed with the approval of Liaoning Fisheries Administration Bureau, Liaoning, China (No. LSYXFZ20111105), and followed the current Chinese Wildlife Protection Act or institutional guidelines for the survey of animals.
III. RESULTS
Spotted seals in LB produced an extensive but with limited complexity vocal repertoire under water. All vocalizations were pulsed with varying repetition rates, relatively brief (12-270 ms, mean of À10 dB duration), of lowfrequency (peak frequency <600 Hz) and narrow bandwidth (169-232 Hz, mean of À3 dB bandwidth; 237-435 Hz, mean of À6 dB bandwidth).
Combining the morning and evening data sets in the PCA for the first three principal components with eigenvalues greater than 1, accounted for 77.9% of the variation (Table II) . Principal component 1 (PC1) explained 40.2% of the variance and was most closely correlated with several frequency parameters (À3 dB_BW, À6 dB_BW, PF1, PF2, PF3, and CF). Principal component 2 (PC2) explained TABLE I. Description of ten parameters measured or calculated for spotted seals (Phoca largha) underwater vocalizations recorded in Liaodong Bay, China.
Acoustic parameters Description
À10 dB duration (s À10 dB ) This is the vocalization duration in (ms) 10 dB below the peak of the envelope of the waveform (Møhl et al., 1990; Villadsgaard et al., 2007) . Positive start-up time of oscillation (s PSO )
This describes the duration in (ms) from beginning of the vocalization to maximum amplitude. Negative start-up time of oscillation (s NSO )
This describes the duration in (ms) from beginning of the vocalization to minimum amplitude. Center frequency (CF) This is defined as the central frequency in (Hz) between the upper and lower cut-off frequencies of À3 dB_BW (Madsen and Wahlberg, 2007) . À3 dB bandwidth (À3dB_BW)
This describes the frequency width in (Hz) between 1 ffiffi ffi 2 p of amplitude points of the spectrum on the linear scale (Au, 2012) . À6 dB bandwidth (À6dB_BW)
This describes the frequency width in (Hz) between 1/2 of amplitude points of the spectrum on the linear scale. First peak frequency (PF1) This is measured from the frequency spectra. It describes the frequency value of first maximum in amplitude (Hz). Second peak frequency (PF2) This is measured from the frequency spectra. It describes the frequency value of second maximum in amplitude (Hz). Third peak frequency (PF3) This is measured from the frequency spectra. It describes the frequency value of third maximum in amplitude (Hz). Number of extreme amplitude points (NumE) This describes the number of extreme amplitude points in the À3 dB bandwidth.
25.9% and was strongly correlated with temporal parameters (s À10 dB , s PSO , and s NSO ). Finally, principal component 3 (PC3) explained 11.7% and was mainly correlated with number of extreme amplitude points (NumE). There was no correlation between the three PCs which made them appropriate to use as input variables in the HCA. A dendrogram (Fig. 3) was constructed from the HCA results which revealed several main clusters that were used to describe the underwater call type classifications of spotted seals. Based on the HCA results and further investigations of the spectrograms of each vocalization, four major call types were identified from the underwater vocalizations produced by the spotted seals in LB: knock, growl, drum, and sweep.
The naming of these call types were consistent with their onomatopoeia or those used in earlier studies on seal vocalizations (Gailey-Phipps, 1984 ). An example of each call is shown in Fig. 4 and the statistics of the acoustic parameters for each call type are presented in Table III .
In general, knocks were the most common vocalizations produced by spotted seals under water both in the morning (Chi-square test: v 2 moring ¼ 139.66, P < 0.05) and in the evening (Chi-square test: v 2 evening ¼ 87.01, P < 0.05). 152 knock calls were recorded in the morning and 125 knock calls were recorded in the evening representing 39.3% of all calls recorded. On average, the time parameters (s À10 dB , s PSO , and s NSO ) of the knocks were of much shorter duration compared to the other three call types (Table III) . Spotted seals often used knocks in series of repetitive knocks (knock trains which sounded similar to rapid knocking, see Fig. 4 ). The frequency range of a single knock was relative large, but its center frequency was <600 Hz. Growl was the second most common call type, representing 20.3% of all calls. A growl resembled a pulsed call with high pulse repetition rate and was characterized by a relatively long duration (up to 0.5 s), and negative start-up time of oscillation (s NSO ), top three peak frequencies (PF1, PF2, and PF3), center frequency (CF), À3 dB frequency bandwidth (À3 dB_BW), and À6 dB frequency bandwidth (À6 dB_BW). PF1 and PF2 represent two extreme amplitude points in the À3 dB bandwidth (NumE).
narrow bandwidth and a frequency <400 Hz (Fig. 4) . The drum call was characterized by a series of repetitive pulses with different amplitudes, superficially resembling the echolocation sounds produced by odontocetes (Au, 2012) . However, the interval between each pulse was not distinct, which made the calls sound like muffled drums. The duration of drums was about half the length of growls and the value varied considerably (Table III) . Although the frequency parameters of drums were similar to that of growls, drums sounded discontinuous, which made them different from growls. Only 53 sweep calls (7.5% of all calls) were identified, suggesting that this call type was less frequently used by spotted seals under water. Sweep calls were of short duration (< 100 ms) and narrow bandwidth signal (226 Hz, mean of À3 dB bandwidth; 385 Hz, mean of À6 dB bandwidth). However, they had distinctly sweep-frequency characteristics, which were given as a relatively intense brief downward sweep in frequency (Fig. 4) .
IV. DISCUSSION
Spotted seals are unusual among the phocids in that they are considered to be annually monogamous (Boveng et al., 2009 ) and regarded as a shy and wary species (Rugh et al., 1997) . Hence, before our field recordings we hypothesized that the spotted seals would have limited vocal behavior under water. However, the results from our study clearly demonstrate that the underwater vocal repertoire of spotted seals in LB is more extensive than expected. More than 700 distinct calls were obtained during the two recording periods. Spotted seals are highly gregarious to facilitate and maintain pair contact throughout the breeding season (Beier and Wartzok, 1979; Wang, 1986) , which may explain the need for frequent use of acoustic communication among individuals. The anthropogenic development and pollution of Bohai Sea have gradually decreased the quality and available habitat for the inhabiting seals (Han et al., 2004) . It is possible that this loss of habitat has increased seal densities in some areas and caused increased intra-species competition that may explain the relatively broad vocal repertoire found in this region.
A combination of multivariate and spectrogram analyses was performed to quantitatively categorize the underwater vocalizations of spotted seals in LB. The ten original acoustic parameters were transformed into three new uncorrelated PCs using the PCA, which indicated that frequency variables (À3/À6 dB bandwidth, center frequency, and top three peak frequencies) were of primary importance in describing the variability in call types. These results are similar to those presented in previous studies using PCA on vocalizations in other pinnipeds, including leopard seals (Hydrurga leptonyx) (Thomas and Golladay, 1995) , northern elephant seals (Mirounga angustirostris) (Insley, 1992) , crabeater seals (Lobodon carcinophagus) (McCreery and Thomas, 2009) , and Mediterranean monk seals (Monachus monachus) (Muñoz et al., 2011) .
The method presented provides an objective approach to classify the distinctive vocalizations made by spotted seals and other pinniped species in the wild. The underwater vocal repertoire observed in this study resulted in only four call types and all calls were variations of lower frequency pulsed sounds. Compared to other phocid species, e.g., harp, Weddell and bearded seals, the diversity of the calls was relatively low (Watkins and Schevill, 1979; Thomas and Kuechle, 1982; Risch et al., 2007) . In addition to the four identified call types, we were also able to describe other calls (representing 22.2% of all calls recorded), although these were less distinctive and included harmonics and other random noise (Riede et al., 2004) . Given the variation among these other calls it was not possible to use the HCA to classify them into additional distinctive clusters/call types. Further research is needed to extract additional acoustic parameters (e.g., number of harmonics, harmonic frequency, call interval and sound pressure levels) that may allow classification of these less distinctive vocalizations. Previous research that described calls of spotted seals were based on vocalizations recorded from two seals (a male and a female) kept in captivity (Beier and Wartzok, 1979; Gailey-Phipps, 1984) , which may not be representative of wild populations. Both these previous studies identified calls similar to the growls and drums presented here and described that these two call types were recorded when copulatory behavior occurred under water. Our recordings were conducted during the breeding season of the LB spotted seal population, suggesting that growls and drums may be associated with their underwater mating behavior. In addition, we identified two new call types (i.e., knock and sweep), which have not been documented previously. Unfortunately, we were unable to collect data on seal behavior during this study which prevent us from interpreting what behaviors knock and sweep calls may be related to.
The Pacific harbor seal is the closest relative to the spotted seals (Boveng, 2016) . There are two recognized subspecies of the Pacific harbor seal, the Kuril seal (Phoca vitulina stejnegeri), and the eastern Pacific harbor seal (Phoca vitulina richardii). The former is distributed from the coast of Hokkaido to the Commander Islands along the Northwestern Pacific (Kobayashi et al., 2014) which is close to the LB breeding colony of spotted seals, while the latter ranges along the eastern Pacific coast from Mexico to the Gulf of Alaska (Hanggi and Schusterman, 1994) . There is currently no data available describing the underwater sounds of Kuril seals, however, the vocal behavior of the eastern Pacific harbor seal has been well documented (Hanggi and Schusterman, 1994; Van Parijs et al., 2000; Van Parijs et al., 2003; Nikolich et al., 2016) . Similar to spotted seals, the eastern Pacific harbor seals produce vocalizations during their underwater mating (Van Parijs et al., 2000) . The two species use similar frequency parameters including bandwidth and peak, however, the harbor seals have longer underwater vocalizations than spotted seals (Van Parijs et al., 2003; Nikolich et al., 2016) . The difference in duration may represent intrinsic species differences and/or related to differences in group size or habitat preferences. Alternatively, the difference in duration may be artificial due to the different analytical methods applied. In our study, the À10 dB duration of each vocalization was calculated using the MATLAB program whereas the Pacific harbor seal studies calculated the sound spectrum duration manually (Van Parijs et al., 2003; Nikolich et al., 2016) . Two call types (growl and sweep) have been distinguished in both species (Nikolich et al., 2016) , however, roar calls have not been described for spotted seals. Roar is the underwater vocalization over 5 s in duration which is likely used by male harbor seals to attract females and while competing with other males (Van Parijs et al., 2000; Van Parijs et al., 2003) . Spotted seals likely use other call types for these purposes.
Comparing the spectral characters of all call types identified in this study with previously estimated underwater hearing threshold of two captive spotted seals (Sills et al., 2014) , indicate that the species' optimal hearing frequency is between 3.2 and 25.6 kHz which is higher than the vocalizations recorded in our study. If the hearing threshold of the LB spotted seals is close to the result of Sills et al. (2014) , this may suggest that the function of the relatively high frequency hearing range is to detect vocalizations from potential predators, e.g., killer whales (Orcinus orca) and that the seals' low frequency vocalizations, which may be transmitted over longer distances under water, are used for intraspecific communication.
In conclusion, this study represents the first report on underwater vocalizations recorded from spotted seals in the wild. Four typical call types were identified using multivariate statistical analyses of call properties and the detailed acoustic characteristics of each distinctive call type were described. The seals also used a number of other calls which were more variable and not possible to group into call types based on call properties. However, future research using additional acoustic parameters and larger sample size may allow classification of these additional calls. Age, sex, individual variation, behavior, and other parameters may influence the underwater vocalization of spotted seals. Detailed behavior studies and use of animal borne recording tags would facilitate obtaining this information from wild spotted seals and help interpret the function of the different seal calls. However, the descriptions of the spotted seals' underwater vocalizations presented here represents a first step in understanding the social function of these calls (Serrano, 2001) . Acoustic studies on wild spotted seals will improve the understanding of the species' behavior and may also be important for future surveys of its distribution and occurrence.
